Early life nutrition and feeding practices are important modifiable determinants of subsequent obesity, yet little is known about the circadian feeding pattern of 12-month-old infants. We aimed to describe the 24-h feeding patterns of 12-month-old infants and examine their associations with maternal and infant characteristics. Mothers from a prospective birth cohort study (n 431) reported dietary intakes of their 12-month-old infants and respective feeding times using 24-h dietary recall. Based on their feeding times, infants were classified into post-midnight (00.00-05.59 hours) and pre-midnight (06.00-23.59 hours) feeders. Mean daily energy intake was 3234 (SD 950) kJ (773 (SD 227) kcal), comprising 51·8 (SD 7·8) % carbohydrate, 33·9 (SD 7·2) % fat and 14·4 (SD 3·2) % protein. Mean hourly energy intake and proportion of infants fed were lower during post-midnight than pre-midnight hours. There were 251 (58·2 %) pre-midnight and 180 (41·8 %) post-midnight feeders. Post-midnight feeders consumed higher daily energy, carbohydrate, fat and protein intakes than pre-midnight feeders (all P < 0·001). The difference in energy intake originated from energy content consumed during the post-midnight period. Majority (n 173) of post-midnight feeders consumed formula milk during the post-midnight period. Using multivariate logistic regression with confounder adjustment, exclusively breast-feeding during the first 6 months of life was negatively associated with post-midnight feeding at 12 months (adjusted OR 0·31; 95 % CI 0·11, 0·82). This study provides new insights into the circadian pattern of energy intake during infancy. Our findings indicated that the timing of feeding at 12 months was associated with daily energy and macronutrient intakes, and feeding mode during early infancy.
The first 1000 d of life, spanning from conception to 2 years of age, is recognised as a critical period of growth and development. As highlighted in the developmental origins of health and disease hypothesis, adverse exposures during this period of early programming and plasticity have long-term implications on later health (1) . It is well-established that early life nutrition is a key environmental factor that strongly influences the risk of developing CVD and metabolic diseases in adulthood (2) .
Substantial evidence indicates that fetal adaptive responses to a poor or overly rich perinatal environment may lead to long-term programming effects or plastic modifications of tissues and organs, thereby predisposing offsprings to a higher risk of chronic diseases (3) (4) (5) (6) . It has also been proposed that these adaptations would only become detrimental when they do not match the predicted post-natal environmental conditions (6) (7) (8) .
Early life nutrition provides the essential building blocks for the healthy development of the brain, organs and immune system. Nature leads the first 500 d of the offspring's diet -the period from conception to approximately 6 months of agewhen the growing offspring is completely dependent on his/her mother for nutrition (9) . This adaptive nature of nutrition occurs via the placenta to the developing embryo and fetus, and then ideally via exclusive breast-feeding for the first 6 months of infancy (9) . The next 150 d involves weaning, complementary feeding and the gradual transition towards culture-specific oral feeding. This period serves as a window of opportunity to establish long-term healthy food preferences and eating habits as the infant gets exposed to a wide variety of tastes and textures (10) . The end of the first 650 d of life when the child turns 1 year old marks the end of infancy. It is the expected point of completion of weaning (i.e. end of the process of transitioning from a predominantly milk-based to a mainly solid-based diet) and the beginning of the cultivation of longterm eating habits. Beyond this stage, culture and environment increasingly become the main drivers of feeding practices. At 12 months, an infant's daily sleep/wake cycle is moderately stabilised with an increasing consolidation of sleep during the night compared with early infancy (11) , implying that consistent and stable daily feeding practices may be in place. As this transition point sets the foundation for later food choices and eating habits, infant feeding practices at 12 months deserve more attention.
Studies on the long-term consequences of feeding practices during early life stages have traditionally focused on breastfeeding (12, 13) , macronutrient composition (14) and amount of energy intake (15) . In recent years, there is accumulating evidence that the timing of energy intake itself may be of fundamental importance in the aetiology of obesity. Mice fed during the light phase, which corresponds to their biological night, gained more weight than those fed during the dark phase, independent of total energy intakes, locomotor activity and light/dark cycles (16, 17) . In adults, temporal eating behaviours such as breakfast skipping and night eating syndrome have been positively associated with obesity (18) (19) (20) . Studies performed in children and adolescents are also consistent with the association between breakfast skipping and increased BMI (21, 22) , suggesting that meal timing may also be relevant during the earlier stages of life.
Altogether, these studies highlight the associations between temporal pattern of energy intake and metabolic outcomes. Studies exploring eating behaviours and patterns in young children and adolescents are limited; those that investigated the temporal aspect of feeding looked only at single meal behaviours (21, 23) instead of adopting a more holistic approach by considering the temporal pattern of energy intake across 24-h. In this study, we used data from a prospective cohort consisting of multi-ethnic Asian infants from Singapore, the Growing Up in Singapore Towards healthy Outcomes (GUSTO) study, to describe the circadian feeding pattern of 12-month-old infants and associate their temporal feeding pattern with maternal and infant characteristics.
Methods

Study design and participants
Data were obtained from the GUSTO cohort. The details of the study methodology have been described elsewhere (24) . In brief, a total of 1237 singleton pregnant women aged 18 years and above were recruited in their first trimester (≤14 weeks gestation based on ultrasound dating) at KK Women's and Children's Hospital and National University Hospital between June 2009 and September 2010. Only Singapore citizens or permanent residents with the intention to reside in Singapore for the next 5 years, and had spouses of the same race, both of whom had to be of a homogenous parental background of Chinese, Malay or Indian ethnicity were eligible for this study. Women on chemotherapy or psychotropic drugs, or had type I diabetic mellitus were ineligible. Written informed consent was obtained from each participant upon recruitment. This study was approved by the Centralised Institutional Review Board of SingHealth (reference 2009/280/D) and the Domain Specific Review Board of the Singapore National Healthcare Group (reference D/09/021). This study was registered at www.clinicaltrials.gov as NCT01174875.
Maternal characteristics
At recruitment and 26-28 weeks' gestation, intervieweradministered questionnaires were conducted to obtain maternal demographic characteristics. Maternal early pregnancy weight was based on body weight measured at first antenatal clinic visit during the first trimester (≤14 weeks of gestation). (25) .
Infant characteristics
Infant sex, gestational age and birth order were extracted from medical records. Infant feeding modes during the first 6 months of life were ascertained through interviewer-administered questionnaires with mothers at 3 and 6 months. Based on the WHO definition (26) , infant feeding modes were classified as follows: (1) exclusive breast-feeding, in which the infant received only breast milk and no other liquids or solids except drops or syrups including vitamins, mineral supplements or medicines; (2) predominant breast-feeding, in which the infant received primarily breast milk and some water-based drinks; (3) partial breast-feeding, in which the infant received a combination of breast milk and formula milk; and (4) formula-feeding, in which the infant received only formula milk. We further reclassified infants into the following groups: the exclusively/predominantly breast-fed group which includes infants fed via methods 1 and/or 2 for the entire first 6 months of life; the mixed-fed group which includes infants who fed via method 3 only or methods 1 and/or 2 with 3 and/or 4 or methods 3 and 4 in the first 6 months; and the exclusively formula-fed group which includes infants fed via method 4 for the entire first 6 months of life (27) . Milk feeding mode at 12 months was also recorded through interviewer-administered questionnaires with mothers.
Infant anthropometric measurements were performed by trained clinical staff within 24-h of birth and at 12 months, using standardised techniques (28) . Weight was recorded to the nearest 0·001 kg using SECA 334 baby weighing scale (SECA). Recumbent crown-heel length was measured to the nearest 0·1 cm using SECA 210 Mobile Measuring Mat (SECA). Based on the WHO Child Growth Standards 2006, infant anthropometric measurements were converted into weight-for-length z score (WLZ) using WHO Anthro software (version 3.2.2). Growth changes from birth to 12 months were calculated as differences in WLZ from birth to 12 months. Using the validated Brief Infant Sleep Questionnaire (29) , mothers were asked to refer to their infant's sleeping habits for the last 1 week and record his/her day and night sleep durations in hours and minutes, and usual bedtime in 24-h clock format. Infant total sleep duration was calculated as the sum of day and night sleep durations.
Infant dietary assessment
Infant dietary intakes were assessed at 12 months. A 24-h dietary recall was administered to mothers by trained clinical staff with the use of the five-stage, multiple-pass interviewing technique (30) to record food and beverage intakes, together with feeding times, consumed by their child on the previous day. Mothers were asked whether the assessed infant food intakes were typical or atypical compared with other unrecorded days. Total daily energy and nutrient analyses of the dietary recalls were performed with nutrient analysis software (Dietplan version 7; Forestfield Software) that had food composition database of locally available food (31) . For mixed dishes not found in the database, nutrient analyses of recipes were performed by the software. For other food items not found in the database, nutrient information was obtained from either food labels or the USDA national nutrient database (32) . Proportions of macronutrient intake were expressed as percentage of total energy intake and calculated as the amount of energy intake from macronutrient (kJ (kcal))/total energy intake (kJ (kcal)) × 100 %.
Infant circadian feeding patterns
The mean hourly energy intake and proportion of infants fed against time were graphically depicted ( Fig. 1 ). Both variables were relatively low from 00.00-05.59 hours. This timeframe, termed post-midnight, was henceforth identified to be a period of less common feeding hours. Based on whether they were fed during the post-midnight period or not, infants were classified into post-midnight (00.00-05.59 hours) and pre-midnight (06.00-23.59 hours) feeders, respectively.
Statistical analyses
Descriptive analysis was performed to determine the mean daily energy and macronutrient intakes. Differences between pre-midnight and post-midnight feeders were compared using Fisher's exact test for categorical variables and independent sample t test for continuous variables. The association of maternal and infant characteristics with feeding patterns was tested using multivariable logistic regression. All maternal and infant characteristics were entered simultaneously in the model. The analysis was repeated in a separate model that included a subsample of infants whose total sleep duration was reported (n 171). Lastly, a sensitivity analysis of the main model was performed using data from infants whose feeding patterns were reported as typical, which could better reflect the usual dietary intakes of the infants. All P values were two-tailed, with P < 0·05 considered to be statistically significant. All statistical analyses were performed using Statistical Package for the Social Sciences, version 19.0 (SPSS Inc.).
Results
Participant characteristics
Among 1237 recruited participants, a total of 431 infants with complete 24-h dietary recalls were included in this study. Maternal and infant characteristics were similar between excluded and included participants except for ethnicity, monthly household income, birth order and feeding mode in the first 6 months of life (all P < 0·05) (online Supplementary  Table S1 ). Table 1 shows the maternal and infant characteristics of the included participants. Table 2 shows the mean daily 24-h dietary intakes of infants.
24-h energy intake profile
A graph of mean hourly energy intake and proportion of infants fed against time was plotted (Fig. 1) . The mean energy intake at 06.00 hours was 117 (SD 264) kJ (28 (SD 63) kcal). Thereafter, it increased and fluctuated between approximately 134-192 kJ (32-46 kcal) from 07.00-20.59 hours. At 21.00 hours, the mean energy intake peaked at 259 (SD 423) kJ (62 (SD 101) kcal), just before the mean bedtime at 22.01 hours. It decreased sharply towards a nadir at 00.00 hours and remained below 84 kJ (20 kcal) from 01.00-05.59 hours. The hourly proportion of infants fed showed a similar trend. At 06.00 hours, 21·3 % of infants were fed. Thereafter, it increased to 28 % at 07.00 hours and fluctuated between approximately 33-46 % from 08.00-21.59 hours before decreasing substantially to approximately 26 % at 22.00 and 23.00 hours. At 00.00 hours, the proportion of infants fed was the lowest at 2·3 %. It remained below 10 % from 01.00 to 05.59 hours, with the exception of 03.00 hours when 12·1 % of infants were fed.
We observed that both mean hourly energy intake and proportion of infants fed were relatively low during 00.00-05.59 hours. Both variables increased substantially at 06.00 hours and remained in the higher range from 06.00-23.59 hours. As such, two distinct feeding patterns could be observed using 06.00 hours as the cut-off time. The first category includes infants who had at least one feed between 00.00 and 05.59 hours (post-midnight feeders), whereas the second includes infants who fed solely from 06.00 to 23.59 hours (pre-midnight feeders). Analysis revealed that 180 infants (41·8 %) had at least one post-midnight feed, whereas the remaining 251 infants (58·2 %) only received feeds during the pre-midnight hours. Table 1 shows the comparison of maternal and infant characteristics between pre-midnight and post-midnight feeders. Compared with pre-midnight feeders, post-midnight feeders were more likely to be born to mothers who had lower education attainment (P = 0·007) and lower monthly household income (P = 0·002). Post-midnight feeders were also more likely to be partially breast-fed and exclusively formula-fed in the first 6 months of life (P = 0·003), received only formula milk as their source of milk at 12 months (P = 0·003) and had shorter night sleep duration (P = 0·041). No significant differences in other characteristics were observed between pre-midnight and post-midnight feeders. Table 2 shows the comparison of dietary intakes between pre-midnight and post-midnight feeders. Post-midnight feeders consumed higher energy, carbohydrate, fat and protein intakes compared with pre-midnight feeders (all P < 0·001). Proportions of carbohydrate, fat and protein were not significantly different between the two groups (all P > 0·05). A further comparison of dietary intakes during the pre-midnight hours was performed. During this period, energy and macronutrient intakes were not significantly different between pre-midnight and post-midnight feeders (all P ≥ 0·05). Table 3 shows the dietary intakes during the post-midnight hours. The mean energy intake was 615 (SD 301) kJ (147 (SD 72) kcal) which constituted 17·6 (SD 7·5) % of the mean daily energy intake. On average, carbohydrate, fat and protein comprised 48·9 (SD 8·4), 38·8 (SD 8·0) and 12·4 (SD 2·0) % of post-midnight energy intake, respectively. A total of 173 (96·1 %) post-midnight feeders consumed formula milk, 10 (5·6 %) consumed whole milk and solid food, 7 (3·9 %) consumed breast milk during post-midnight hours.
Comparison of feeding patterns
Ethnicity 0·055 Chinese 223 51·7 1 4 2 5 6 ·6 8 1 4 5 ·0 Malay 100 23·2 5 1 2 0 ·3 4 9 2 7 ·2 Indian 108 25·1 5 8 2 3 ·1 5 0 2 7 ·8 Educational level 0·007 Secondary and lower 144 34·0 7 1 2 8 ·7 7 3 4 1 ·5 Post-secondary and higher 279 66·0 1 7 6 7 1 ·3 103 58·5 Monthly household income (SGD) 0·002 0-1999 77 19·0 3 8 1 6 ·3 3 9 2 2 ·5 2000-5999 229 56·4 1 2 3 5 2 ·8 106 61·3 ≥6000 100 24·6 7 2 3 0 ·9 2 8 1 6 ·2 Early pregnancy BMI (kg/m 2 ) 0·180 Underweight (<18·5) 35 8·4 2 3 9 ·5 1 2 6 ·9 Normal (18·5-22·9) 176 42·4 1 1 0 4 5 ·3 6 8 3 8 ·9 At risk for overweight/overweight (≥23·0) 204 49·2 1 1 0 4 5 ·3 9 5 5 4 ·3 Age (years) 30·42 5·23 30·41 5·21 30·44 5·27 0·949 Infant Sex 0·064 Male 226 52·4 1 2 2 4 8 ·6 104 57·8 Female 205 47·6 1 2 9 5 1 ·4 7 6 4 2 ·2 Gestational age (weeks) 1·000 <37 30 7·0 1 8 7 ·2 1 2 6
Post-midnight dietary intakes
Association of circadian feeding patterns with maternal and infant characteristics Table 4 shows the crude and adjusted OR for post-midnight feeding according to maternal and infant characteristics. 
* P values are based on Fisher's exact test or independent t test as appropriate. Compared with pre-midnight feeders, post-midnight feeders were more likely to be Malay (OR 1·68; 95 % CI 1·05, 2·72; P = 0·032), less likely to be born to mothers who had higher educational levels (OR 0·57; 95 % CI 0·38, 0·86; P = 0·007) and higher monthly household income (OR 0·38; 95 % CI 0·20, 0·71; P = 0·002), and they were also less likely to be exclusively breast-fed in the first 6 months of life (OR 0·23; 95 % CI 0·10, 0·57; P = 0·001). In the mutually adjusted model, only exclusively breast-feeding during the first 6 months of life remained significantly associated with post-midnight feeding at 12 months (OR 0·31; 95 % CI 0·11, 0·82; P = 0·019). The analysis was repeated in a submodel with an additional confounder adjustment of infant total sleep duration at 12 months (n 171) (Table  not shown) . No association was found between post-midnight feeding and total sleep duration (OR 0·90; 95 % CI 0·73 1·12; P = 0·356). However, the association between exclusively breast-feeding during the first 6 months of life and postmidnight feeding remained significant after additional adjustment for infant total sleep duration at 12 months (OR 0·20; 95 % CI = 0·04, 0·97; P = 0·046). The sensitivity analysis performed on infants whose 24-h dietary recalls were reported as typical presented similar findings (online Supplementary Table S2) .
Discussion
This study describes the circadian feeding patterns of 12-monthold infants in an Asian multi-ethnic cohort, in terms of both energy intake and macronutrient proportions. These infants consumed an average daily energy intake of 3234 kJ (773 kcal), mainly from carbohydrates, followed by fat and protein. We identified two circadian feeding patterns, namely pre-midnight and post-midnight feeding. Post-midnight feeding was highly prevalent at 41·8 %. These infants had higher daily energy and macronutrient intakes compared with pre-midnight feeders, even though their pre-midnight energy and macronutrient intakes were not significantly different. Altogether, our findings suggest that feeding after midnight affects daily energy and macronutrient intakes during infancy.
Inappropriate timing of food consumption may lead to circadian misalignment. Adult studies have shown that shift work (33, 34) , breakfast skipping (20, 23) and nocturnal eating (18, 35) adversely affect glucose metabolism and enhance the risk of metabolic diseases, implying that circadian misalignment may impair metabolic pathways. Similar evidence is also presented in limited adolescent and children studies (21, 22, 36) . Although these studies investigated specific eating behaviours, it may be more holistic to consider the temporal pattern of energy intake throughout the day. In this study, we classified infants by considering the pattern of mean energy intake and proportion of infants fed over 24 h. This model provided us with new insights into the circadian feeding pattern of 12-month-old infants.
First, post-midnight feeding was highly prevalent among infants. This warrants attention as post-midnight feeding may be non-physiological. The human body is well-adapted to tolerate hours of fasting, including overnight fasting. Our circadian clock shares intimate and reciprocal relationships with central metabolic pathways; peripheral oscillators in different organs modulate daily rhythms in the transcription and translation of genes that tightly control cellular metabolism, repair, cell division and growth (37) . The temporal synchronisation of these processes with the central circadian clock enhances fitness, confers robustness and ensures stability to the overall temporal structure of the body (37, 38) . On the other hand, frequent energy intake and the absence of a definite fasting period may prolong fed-state physiology and disrupt normal counter-regulatory metabolic processes that occur during fasting (38) . Energy intake activates the insulin-pAKT-mammalian target of rapamycin (mTOR) pathway which regulates anabolic processes, whereas fasting activates AMPK which promotes catabolism (38) . The mTOR signalling pathway is known to contribute to adipose tissue expansion and insulin resistance (39) . Aligning feeding/fasting cycles to the circadian clock allows energy regulation signalling pathways to become physiologically quiescent during the night. Inappropriate timing of energy intake, for example during post-midnight, prevents this from occurring. Both animal and human studies have demonstrated the consequences of circadian misalignment. Mice fed inappropriately during the light phase exhibited significantly higher body mass and reduced glucose tolerance compared those fed during the dark phase, despite similar total energy intakes and motor activity (16, 17) . Adults who consumed higher energy intake in the evening were more likely to be overweight or obese (40) , whereas participants from a weight loss study provided with high-energy breakfast experienced greater weight loss and waist circumference reduction than those on an isoenergetic diet with high energy intake at dinner (41) . Second, post-midnight feeders consumed higher daily energy and macronutrient intakes than pre-midnight feeders across 24 h, with the additional intake originating from post-midnight feed(s). A carefully controlled inpatient study that observed healthy adult participants' ad libitum nighttime food intake (42) produced comparable findings; those who ate during nighttime (23.00-05.00 hours) consumed significantly higher daily energy and macronutrient intakes than non-nighttime eaters (42) . Both groups consumed similar energy intake during non-nighttime, indicating that the difference in daily energy intake resulted from energy content ingested during nighttime (42) . Studies have demonstrated the associations of higher energy intake with adverse metabolic outcomes. In the aforementioned study, nighttime eaters gained significantly more weight than nonnighttime eaters during the follow-up period despite having similar BMI or percentage body fat at baseline (42) . The Avon
Longitudinal Study of Parents and Children birth cohort also reported that higher energy intake at 4 months was positively associated with early childhood weight gain and subsequent body weight and BMI up to 5 years of age, although this finding was limited to formula-or mixed-fed infants (15) . These findings, if applicable to this study, suggest that post-midnight feeding during infancy may be metabolically disadvantageous. Further studies are needed to determine if higher daily energy intake due to post-midnight feed(s) during early life is associated with metabolic disorders.
Third, post-midnight energy intake came mainly from formula milk. The practice of formula-feeding during the night appears to be prevalent among children of similar age range in other countries. In the Gemini twin cohort study, over 90 % of energy intake during the night were from milk drinks consumed before midnight (43) . In Sri Lanka, 82·6 % of children aged between 24 and 60 months received night feeding in the form of formula milk or a mixed feeding (44) . The slight differences in proportion from our study might be attributed to cultural and economic differences, as well as differences in the timeframe studied.
Lastly, our findings also suggest that feeding mode during the first 6 months of life is associated with the circadian feeding pattern of infants at 12 months. Compared with exclusively breastfed infants during the first 6 months of life, infants who received only formula milk during the first 6 months of life were more likely to be a post-midnight feeder at 12 months. Together with the earlier finding that post-midnight energy intake came mainly from formula milk, this suggests that the practice of formula-feeding during postmidnight hours might have continued beyond early infancy in exclusively formula-fed infants. We speculate that routinely formula-feeding, in response to night awakening or perceived hunger, during post-midnight hours has become habitual in these caregivers who might not have taken the infant's physiological needs into consideration. We also noticed a surge in the mean energy intake from 21.00 to 22.00 hours, just before the mean bedtime at 22.01 hours. Energy consumption, usually in the form of formula milk, is a common strategy adopted by caregivers to promote sleep among infants and young children during the night. However, as observed in our study, post-midnight feeds may increase the daily energy intake beyond the sufficient requirement of the infant (45) . The strengths of this study include a large sample size, its prospective study design and standardised anthropometric measurements of mothers and infants by trained research personnel. Moreover, as Singapore lies near the equator with fairly constant light/dark cycles, our findings were less likely to be affected by seasonal changes which might otherwise influence the circadian pattern of energy intake (46, 47) . However, this study does have limitations. First, there were differences in maternal and infant characteristics between excluded and included study participants but these characteristics have been adjusted for in the multivariable logistic analyses. Second, the use of self-reported 24-h dietary recall might not reflect habitual consumption patterns. Daily variation of feeding times could have led to misclassification of infants according to temporal feeding patterns. However, close to 80 % of the recalls were reported to be typical of the infant's feeding routine. Our findings from the sensitivity analysis using these recalls were found to be similar to those in the main analysis. Third, our analyses using sleep data was limited as the sample size with this data was small. Nevertheless, the addition of total sleep duration as covariate did not affect our findings. Lastly, we did not further assess parental feeding practices and beliefs to understand the reasons behind the circadian feeding patterns, and hence could not make a conclusion on whether post-midnight feeding is driven by infant biological and/or parental behaviour.
In conclusion, this study provides new insights into the temporal feeding pattern of 12-month-old infants and identifies two prevailing feeding patterns -pre-midnight and post-midnight feeding. Post-midnight feeds, with formula milk making up the majority, contributed to higher daily energy and macronutrient intakes. Our findings also suggest that feeding mode during early infancy is associated with subsequent feeding pattern. However, more studies are needed to replicate these findings and to understand their biological mechanisms, particularly among infants at high-risk of nutritional deficiencies. Also, long-term studies are warranted to confirm about the implications of post-midnight feeding on subsequent growth and development of children as it is currently unknown whether post-midnight feeding is physiological or otherwise. Importantly, our study raises the possibility of including advice on appropriate feeding times when considering daily energy intake in infancy. We recommend more attention to be given to circadian feeding patterns during early life.
